The mineral calcium sulphate transforms from anhydrite through bassanite to gypsum and then can convert back to bassanite and anhydrite. This transformation of calcium sulphate causes volume change that adds to the potential hazards with indigenous soils containing expansive clay minerals. Heave and settlement are the most important geotechnical problems associated with many argillaceous soils in eastern Saudi Arabia. Mineralogical evolution and engineering behaviour of such soils are governed by local geology and severe climatic and environmental conditions prevalent in the region. Based on laboratory investigations, this paper discusses the influence of mineralogy on swelling and consolidation of expansive clay, calcium sulphate forms, and their mixtures. Mineralogy is investigated using geotechnical index properties and thermal and X-ray diffraction analyses. Swelling and consolidation characteristics are directly determined and are studied in conjunction with microstructural assessment. Results indicate that under the hot and humid climate prevalent in eastern Saudi Arabia, form changes in calcium sulphate can take place in the time frame of engineering importance. The volume-change behaviour of local expansive clay depends on the form and amount of calcium sulphate present in the soil.
Introduction
Swelling and consolidation of soils are generally associated with expansive clay minerals such as smectite and illite (Slater 1983) , whereas non-clay minerals are considered inert (Azam and Al-Shayea 1999) . Calcium sulphate is an exception to this generalization because it undergoes hydration-dehydration that results in transforming anhydrite (CaSO 4 ) through bassanite (CaSO 4 ·0.5H 2 O) to gypsum (CaSO 4 ·2H 2 O), and vice versa (Abduljauwad et al. 1998 ). According to Blatt et al. (1980) , gypsification of anhydrite results in swelling that can be as high as 62%, when based on molar volumes. Likewise, complete dehydration of gypsum leads to a volume reduction of 38% for the same theoretical volumes (Zanbak and Arthur 1986) . Geology, climate, and environment of eastern Saudi Arabia provide a natural setting for the occurrence of such phenomena.
Structural damage caused by expansive clays is well documented in the literature (Chen 1988) . Gypsification of anhydrite is known to create floor heaving in tunnels and uplift in dams (Deer et al. 1972) , and dehydration of gypsum leads to fracturing due to settlement (Ko et al. 1995) . In eastern Saudi Arabia, the hazard caused by both these soil types is combined in many argillaceous soils possessing mixed mineralogy (Abduljauwad et al. 1998) . Such damage includes cracks in masonry fences, grade beams, and members of reinforced concrete, uplift of floating slabs on grade, and heave of pavements and walkways. Distress to both structures and pavements is multiplied when the underlying soils are periodically and (or) differentially wetted (Azam and Abduljauwad 2000) .
Soil behaviour depends on the type and amount of minerals present therein. Evaluation of the form changes in calcium sulphate and the interaction of these forms with clay minerals is key to the fundamental understanding of the volume-change behaviour of local soils. Based on laboratory investigations, this paper discusses the influence of mineralogy on swelling and consolidation of expansive soils from eastern Saudi Arabia and highlights the relative significance of the form and amount of calcium sulphate on potential volume change. Results of geotechnical index properties and differential thermal (DT) and X-ray diffraction (XRD) analyses are used to assess the mineral composition of clay and calcium sulphate forms. Swelling-consolidation test results are studied in conjunction with soil microstructure obtained from scanning electron microscopy (SEM).
Mineralogical evolution
The evolution of various minerals in the argillaceous soils of eastern Saudi Arabia was governed by several interacting geologic, climatic, and environmental factors. Local expansive soils are derived from calcareous limestone, marl, shale, and chert of the Tertiary and the Quaternary. Proximity to alkaline waters of the Persian Gulf, extreme degree of aridity, and restrained leaching resulted in the formation of expansive clay minerals such as smectite and illite (Abduljauwad 1994) . The development of diagenetic minerals like calcium sulphate within the host clay was based on dolomitisation of calcareous mudstone (Akili and Ahmed 1983) . In the mudstone containing aragonite and high-Mg calcite, Mg 2+ replaced Ca 2+ in the crystal lattice of aragonite (Cook et al. 1985) . The displaced Ca 2+ combined with SO 4 2-from the seawater and precipitated as gypsum (Blyth and deFreitas 1984) . Subsequent dehydration of the gypsum led to the development of bassanite and anhydrite.
Dehydration of gypsum took place as a result of increasing overburden pressure due to burial (Blatt et al. 1980) . Likewise, rehydration of bassanite and anhydrite was not an uncommon occurrence because of uplift and erosion coupled by daily and seasonal variations in temperature and relative humidity. This rendered the distribution of various calcium sulphate forms in the clay matrix extremely variable in both the vertical and horizontal directions (Azam and Abduljauwad 2000) . The present-day clay sediments of AlQatif, Al-Hassa, and Ummus Sahik contain all forms of calcium sulphate in quantities ranging from 5 to 85% (Abduljauwad et al. 1998) . Although dehydration of gypsum is a geologic process, hydration of bassanite and anhydrite can occur in these argillaceous soils in the time frame of engineering importance under the hot and humid climate prevalent in eastern Saudi Arabia (Azam and Abduljauwad 2000) .
Experimental program
The aim of the experimental program was to understand the swelling and consolidation of local expansive clays containing variable amounts of calcium sulphate forms. For this purpose, expansive clay was obtained from Al-Qatif, and gypsum, bassanite, and anhydrite were obtained from a calcareous deposit in Dhahran; both towns are located in eastern Saudi Arabia between latitudes 26°35′N and 26°40′N and longitudes 49°34′E to 49°37′E. To maintain their initial water contents, all samples were wrapped with cheesecloth and painted with molten wax. Thereafter, these samples were stored at a temperature of 25°C and relative humidity (RH) of 50 ± 10%.
Laboratory investigations were conducted in stages. Preliminary evaluation of the mineralogy and the behaviour of clay and of calcium sulphate forms was made using geotechnical index properties. Detailed mineral assessment was based on DT and XRD analyses. Results of these two analyses were also used to choose critical temperature and relative humidity values representing various stages of form changes in calcium sulphate.
Swelling and consolidation behaviour of field samples of clay and calcium sulphate forms was directly determined using a conventional oedometer test. The same test was also conducted for various synthetic clay -calcium sulphate mixtures. Prepared by blending pulverized materials on a dryweight basis, these samples were statically compressed in the oedometer. To evaluate the influence of fabric on the volume-change behaviour, SEM was conducted on field samples and on selected synthetic mixtures both before and after water addition in the swelling-consolidation tests.
Geotechnical index properties
Geotechnical characteristics of different materials were assessed using index properties. Preliminary evaluation of the mineralogy and behaviour of clay and calcium sulphate forms was based on water content (w), specific gravity (G s ), dry unit weight (γ d ), and consistency limits (liquid limit w l and plastic limit w p ). For consistency limits, all materials were pulverized to obtain the fraction passing 425 µm (American Society for Testing and Materials (ASTM) sieve No. 40). Table 1 summarizes the geotechnical index properties of the clay and calcium sulphate and indicates that the field water content of clay is 41.8%, which corresponds closely to its optimum water content as determined by ASTM test method D698-00a (Abduljauwad 1994) . The w of various calcium sulphate forms is actually the water of crystallization. This parameter was determined at different temperatures, as discussed later in the DT and XRD analyses.
The low field γ d of clay reported in Table 1 should be attributed to its high void ratio of 1.56. Such a high void ratio for the clay is derived from the high amount of small clay particle sizes associated with various expansive clay minerals. On the contrary, the difference in the field γ d for the calcium sulphate forms is mainly due to the variation in G s . Knowing the percentage of calcium sulphate (C), mixtures of clay and calcium sulphate were compacted to the weighted average of field γ d of the constituents according to the following equation:
This linear relationship provides a common basis for a comparison among different compacted clay -calcium sulphate mixtures and among the field and compacted speci-mens. The significance of dry unit weight on the swelling and consolidation behaviour of the investigated soils is described later in the paper.
The high w l and w p values of the clay are attributed to the presence of expansive clay minerals. Facilitated by exchangeable cations and large specific surface areas, these minerals adsorb high amounts of water (Mitchell 1993) . On the same note, the consistency limits of the calcium sulphate forms increase with dehydration of the mineral. Table 1 further indicates that w l of anhydrite equates to that of either gypsum or bassanite when their respective waters of crystallization are added to their observed w l . This indicates that, given full access to water, both anhydrite and bassanite hydrate to gypsum.
Differential thermal (DT) analysis
DT analysis was aimed at investigating water adsorption by clay and hydration-dehydration in calcium sulphate. In addition, the analysis was also used to identify critical temperatures pertaining to mineral changes in the latter. For this purpose, a Simultaneous Thermal Analyser (Netzcsh Model STA 429) was used. The analyses were conducted on 100 mg powdered samples, each placed in an alumina (Al 2 O 3 ) crucible; the temperature was raised from 20 to 1000°C at a uniform rate of 10°C/min. Figure 1 depicts the results of the thermal analysis of the clay in the form of DT and thermogravimetric (TG) curves and indicates that the dehydration of clay occurs in more than one stage. The first and the largest low-temperature endothermic peak between 20°C and 300°C (DT curve) corresponds to the removal of adsorbed or interlayer water. This is accompanied by an 11% mass reduction (TG curve), which indicates the presence of clay in the sample (Mackenzie 1992). The flat exothermic peak between 300°C and 500°C in the DT curve is produced by palygorskite clay mineral. The second endothermic peak and the corresponding reduction in mass (3%) between 500°C and 600°C pertain to OH-ion expulsion from the mineral lattice (dehydroxylation). The third endothermic peak and the reduction in mass (1%) between 800°C and 900°C are due to the decomposition of carbonate ions associated with dolomite present in the calcareous expansive clay (Abduljauwad 1994) . Figure 2 , which gives the results of the DT analysis of calcium sulphate, indicates a single dehydration reaction given by the double endothermic peak between 130°C and 220°C (DT curve). Such dehydration is accompanied by a 21% reduction in mass as shown by the TG curve that is parallel to the abscissa up to a temperature of 1000°C. It follows that gypsum remains unaltered up to a temperature of 130°C, whereas anhydrite is the stable form of calcium sulphate beyond 220°C. This is separately confirmed by additional water content data (not provided in this paper) for calcium sulphate determined at temperatures of 25, 50, 100, 125, 150, 200, and 300°C, with a heating time ranging from 24 to 96 h. These observations are consistent with other published data such as those of Kosztolanyi et al. (1987) , who reported that the temperature range of gypsum to anhydrite form transformation is 130-180°C and that the transformation is complete by 200°C. The DT curve of calcium sulphate also illustrates a small endothermic peak at 200°C, which pertains to the conversion of gypsum to bassanite. Further, the tiny hump in the DT curve at a temperature of 350°C indicates the conversion of soluble anhydrite to insoluble anhydrite (Mackenzie 1992) .
Heating of the investigated clay results in releasing an amount of water equal to 11% of the total mass of the clay. This is the adsorbed or interlayer water, imbibition and liberation of which depend only on water availability. On the contrary, transformation of gypsum to anhydrite is associated with liberating water of crystallization that amounts to 21% of the total mass of calcium sulphate. The reverse process termed gypsification of anhydrite is governed by temperature and relative humidity. Therefore, the interaction between clay adsorption and hydration-dehydration of calcium sulphate is key to the understanding of swelling and consolidation in natural argillaceous soils present in eastern Saudi Arabia. Study of this interaction is also vital because of the nonuniform distribution of calcium sulphate in the host clay matrix and form changes of the mineral in both vertical and horizontal directions (Azam and Abduljauwad 2000) .
X-ray diffraction (XRD) analysis
XRD analysis was conducted to determine mineral composition of the clay and calcium sulphate under different environmental conditions. The analysis was carried out using a Philips diffractometer (model Pw 173/10), which generated radiations at 40 kV and 40 mA. The scanning speed was 0.01°2θ/s and the angle scanned was 4°-80°. Randomly oriented samples were prepared by manual grinding air-dried material in a porcelain mortar and pestle to powder form and subsequently pressing the material lightly into rectangular metal holders, 20 mm × 10 mm in size. To identify mineral types, qualitative assessment was made by comparing the diffraction pattern of each sample with the standard patterns prepared by the Joint Committee of Powder Diffraction Data Service (JCPDS). The amount of minerals present in the samples was quantitatively estimated using areas under the peaks. Figure 3a gives XRD results for the investigated clay and indicates the presence of various clay mineral species at 2θ < 10°. Quantitative XRD analysis revealed that major constituents of the clay are smectite (50 ± 5%), illite (20 ± 5%), and dolomite (10 ± 5%), and palygorskite, quartz, and gypsum collectively measured 15 ± 5%.
Three sets of gypsum samples were heated for 48 h to temperatures of 130, 200, and 300°C, respectively. Each set was then cooled at room temperature (25°C) under relative humidities of zero (desiccator), 50 ± 10% (open air), and 100% (water tub). Figures 3b, 3c , and 3d show XRD patterns of various calcium sulphate forms and indicate typical sharp peaks for gypsum, bassanite, and anhydrite at 2θ = 12°, 30°, and 26°, respectively. Similar diffraction patterns were obtained for all the other samples, each treated under a different temperature and relative humidity. Table 2 provides a summary of the quantitative estimates of the XRD results for calcium sulphate. These results indicate that samples cured in water were completely converted back to gypsum, irrespective of the heating and cooling temperatures. This is because of the high water affinity of bassanite and anhydrite, both of which readily take up any available water. Conversely, no rehydration was observed for samples heated to 300°C, provided that the relative humidity did not exceed 50 ± 10%. This permanent change is due to changes in the crystal structure of calcium sulphate at elevated temperatures. Table 2 indicates that samples heated to 130 and 200°C and subsequently cooled in a desiccator displayed more anhydrite (less bassanite) than those in the open air. This is because of the higher moisture availability in the latter environment. For all these samples, the marginal variation in the amounts of anhydrite and bassanite suggests experimental errors during sample transfer from the oven to the desiccator. Despite such errors, the amount of bassanite was always higher than that of anhydrite for all the samples, and none showed any trace of gypsum. This means that moisture first leads to partial rehydration prior to gypsification.
Removal of water of crystallization from gypsum depends on the origin, previous history, grain size, texture, lattice imperfections, and presence of impurities in the mineral (Deer et al. 1972 ). This study suggests that in local soils, water of crystallization of gypsum cannot be removed at the oven temperature of 105 ± 5°C, and therefore the water content should be determined at this temperature (Azam and Abduljauwad 2000) . Results of this study further indicate that hydration of bassanite and anhydrite can take place in the time frame of engineering importance under the temperature and relative humidity conditions of eastern Saudi Arabia.
Swelling-consolidation and soil microstructure
Knowledge of the potential volume-change characteristics in soils at the outset of any engineering construction project is obligatory because of their relationships to heave due to expansion and settlement due to compression. Data on volume-change characteristics for this study were collected by direct measurement of soil deformation in the laboratory oedometer test. Fundamental understanding of soil behaviour during the oedometer test was provided by visually observing the soil microstructure.
Swelling-consolidation tests were performed in fixed-ring oedometers on field samples of clay and calcium sulphate forms and their synthetic mixtures. The specimens were prepared according to the ASTM standard test method D4546-96 for one-dimensional swell or settlement potential of cohesive soils and standard test method D2435-96 for onedimensional consolidation properties of soils. Field samples were tested under in situ conditions as given in Table 1 , and mixtures were compacted to the weighted average of field γ d of the constituents according to eq. [1].
A morphological study was conducted on thin sections cut from the oedometer samples before and after water flooding in the swelling-consolidation tests; SEM specimens were oven-dried at 105 ± 5°C. Despite some shrinkage in the high clay content materials, oven-drying minimizes microstructural changes, as the shorter time requirement of this method ensures a reduced particle rearrangement when compared with that for air-drying (Mitchell 1993; Tovey and Wong 1973) . The analyses were carried out on the JEOL scanning electron microscope (model JSM-840), which provided fabric appraisal and gave an elemental description using an energy-dispersive X-ray analyser (EDXA). Each sample was held in an aluminium sample holder and sputter-coated with a fine gold film. The micrographs were taken in split-screen mode with enlargements of 1000 (general) and 6000 (enlarged inset) times. Figure 4 presents swelling-consolidation test results for clay and calcium sulphate in the form of void ratio versus effective stress and shows that the specimens are initially subjected to a seating stress of 7 kPa, which closely corresponds to the in situ effective stress acting on these field samples. All the samples exhibit an increase in void ratio when flooded with water and a subsequent decrease in void ratio with the application of load. Table 3 gives volume-change characteristics of clay and calcium sulphate forms and indicates that both the amount of expansion and the amount of compression depend on the type of material. Among the calcium sulphate forms, anhydrite has the highest swelling potential of 9.32%, followed by bassanite and then gypsum. Because of the complete confinement and rigidity of the ring, this swelling potential measured in the conventional oedometer is only 15% of the maximum theoretical value of 62% estimated by Blatt et al. (1980) . The cited theoretical estimate is based on molar volumes and an open system that allows free exit-reentry of water during hydration. Similar estimated values of volume change in systems with partial and no water access fall below this boundary value (Zanbak and Arthur 1986) . Despite the effect of apparatus confinement and rigidity, the use of identical oedometer rings provided a better comparison of different materials. Table 3 indicates that the swelling potential of anhydrite is one-fourth that of the expansive clay, which measured 34.6%. Relative humidity (%):  0  50  100  0  50  100  0  50  100   Gypsum  --100  --100  --100  Bassanite  56  59  55  59  ----Anhydrite  41  38  -45  41  -100 100 - Table 2 . Mineralogical composition of calcium sulphate forms.
Fig. 4.
Void ratio -pressure (effective stress) relationship of expansive clay and calcium sulphate forms. Figure 5 gives the rate of swelling for clay and calcium sulphate in the form of swelling potential versus time and shows that, with the exception of gypsum, the swellingpotential curves comprise three distinct zones. For clay, bassanite, and anhydrite, the initial swelling is generated quickly due to sample hydration. Next, a high rate of increase in swelling potential is observed in the primary stage followed by a low rate in the secondary stage.
The high swelling potential of the clay is due to the presence of smectite as shown in Fig. 6a , which gives the SEM micrograph after water addition in the swellingconsolidation test. The clay structure emerges as a crusty web due to shrinkage of the specimen during sample preparation. The enlarged inset shows honeycombed smectite morphology formed by vaguely contoured foliated sheets with involute edges. These sheets interact face-to-face and face-to-edge, forming enclosed rounded cells up to 10 µm in size. This flocculated structure corresponds to a void ratio increase upon water imbibition and explains the high compression index (C c ) of the clay depicted in Table 3 . The energy-dispersive X-ray (EDX) spectrum shown in Fig. 6b portrays typical peaks for Si, Mg, Al, and Ca, which are the elements constituting calcium-rich smectite. Similarly, the K peak is attributed to the presence of illite in the sample.
The SEM micrograph of gypsum (Fig. 6c) , taken after water addition in the swelling-consolidation test, shows poorly developed rosettes of lath-like gypsum crystals. These isometric euhedral crystals with well-defined boundaries are aggregated in separate but mutually conjoined colonies. The SEM micrograph shows no sign of gypsum dehydration due to load application. Therefore, the compressibility of this sample can be envisaged to be much less than the volume reduction of 38% due to complete dehydration of gypsum quoted by Zanbak and Arthur (1986) . The EDX spectrum (Fig. 6d) reveals the nearly equal amounts of Ca and S. Figure 7 provides evidence of form changes due to water addition which explains the volume-change behaviour of bassanite and anhydrite. Before water addition in the swellingconsolidation test, the SEM micrograph of bassanite (Fig. 7a) shows a complex configuration without any definite structural motif. Under similar conditions, the SEM micrograph of anhydrite (Fig. 7c) illustrates a compact soil fabric comprising platy anhydrite crystals. The corresponding SEM micrographs of the same samples of bassanite and anhydrite after water addition in the swelling-consolidation tests are given in Figs. 7b and 7d , respectively. Both of these micrographs show lath-like euhedral gypsum crystals formed by hydration of the samples. The latter micrograph shows that gypsum crystals are oriented in all directions, thereby creating large voids. The high void ratio of this specimen after water addition is responsible for its relatively high compressibility, as indicated in Table 3 . Figure 8 compares the swelling potential of various field samples of clay and calcium sulphate and their synthetic mixtures. Figure 8 depicts a decrease in the swelling potential of the clay with an increase in the amount of calcium sulphate because of the lower expansion capabilities of calcium sulphate. Moreover, the clay-gypsum curve plots below the clay-anhydrite curve, as gypsification of anhydrite is accompanied by swelling. Figure 8 also depicts the effect of sample preparation on volume-change behaviour by comparing field samples of clay and calcium sulphate with their recompacted mixtures. The use of in situ γ d for field samples and the recompaction of synthetic mixtures to the weighted average of field γ d of the constituents were based on previous experience with local soils. Azam and Abduljauwad (2000) noted that geology, climate, and the environment prevalent in eastern Saudi Arabia govern calcium sulphate deposition in expansive clays. This deposition is mostly in granular form, which necessitates that, for the time frame of engineering importance, the γ d of the clay remain constant. Conversely, due to the high solubility of calcium sulphate, the clay matrix may undergo compressibility. The associated increase in γ d , however, would generally take place in geologic time because of the extreme degree of aridity of the area. The field γ d of a soil containing both clay and calcium sulphate falls between these boundary conditions and is best described by eq. [1] .
Using different values of γ d for each sample, Fig. 8 shows an initial sharp decrease in swelling potential of the clay with an addition of up to 20% calcium sulphate. Such a decrease amounts to 38% when gypsum replaces the clay and 56% when anhydrite replaces the clay. This reduction is partly attributed to the loose soil fabric in the recompacted mixtures compared to the undisturbed clay microstructure that is developed over a long time under natural conditions. Attom et al. (2001) measured a 30% decrease in the swelling potential of various clay soils due to static compaction. Similar reasons elucidate the decrease in the swelling potential beyond 80% calcium sulphate content. A lower decrease of 43% for the clay-anhydrite curve compared with 88% for the clay-gypsum curve is attributed to the high measured swelling potential of the field anhydrite sample. This is partly due to a dense anhydrite fabric (Fig. 7c) , which resulted from the dehydration of gypsum due to burial (Blatt et al. 1980) .
The swelling-potential curves of both clay-gypsum and clay-anhydrite mixtures are primarily explained by microstructural assessment. Due to gypsification of anhydrite by water imbibition and the relatively well defined zones in the swelling-potential curve of the clay-gypsum mixtures 9 . Microstructure of clay-gypsum mixtures. The SEM micrographs to the right are enlargements of the rectangles shown in the SEM micrographs to the left. A, clay-gypsum crumbs; B, pore spaces; C, embedded gypsum; D, dolomite; E, partially parallel cleavage laths or striated-furrowed gypsum crystals; F, bridging between the clay; G, cross-linked gypsum crystals; H, filamentous palygorskite; I, crystalline gypsum; J, unexpanded illite crystals. (Fig. 8) , morphological examinations were carried out only for clay-gypsum mixtures.
The initial sharp decrease in swelling potential of the clay with an increase in the amount of calcium sulphate is mainly attributed to the low volume-change capability and cementation of calcium sulphate. Figure 9a , which shows the SEM micrograph of a clay-gypsum mixture containing 10% gypsum, indicates the formation of clay-gypsum crumbs (A) and interconnected pore spaces (B). Crumb formation is attributed to the cementatious properties of embedded gypsum (C) randomly scattered throughout the clay matrix. The micrograph also shows the occasional presence of dolomite (D), thereby confirming the XRD results of the clay, which showed 9% dolomite. Dolomite is distinguished by its anhedral shape, which is characterized by relatively rounded and irregular crystal boundaries.
High amounts of calcium sulphate and the associated high cementation result in an increase in crumb size. Figure 9b , which shows the SEM micrograph of a clay-gypsum mixture containing 20% gypsum, captures part of a large-size crumb. This micrograph shows partially parallel cleavage laths or striated-furrowed gypsum crystals (E), leading to significant bridging between the clay (F). The crumb size achieved at 20% calcium sulphate is the threshold size, beyond which further reduction in swelling potential does not occur.
Crumbing is not favoured at higher calcium sulphate contents owing to depleted cementation arising from the reduced water content of the mixture. Figure 9c gives the SEM micrograph of a clay-gypsum mixture containing 80% gypsum. This micrograph shows cross-linked gypsum crystals (G) and filamentous palygorskite (H) but negligible crumbing.
The drop in swelling potential at calcium sulphate contents higher than 80% is primarily attributed to its low void ratio. Under such conditions, the calcium sulphate matrix inhibits expansion of the clay particles. Here calcium sulphate particles with cemented end junctions squeeze the soft clay particles. Figure 9d gives the SEM micrograph of a claygypsum mixture containing 90% gypsum. Alongside crystalline gypsum (I), this micrograph also shows unexpanded illite crystals (J) arranged face to face in a highly accordant fabric.
Summary and conclusions
Knowledge of the potential volume-change characteristics in soils at the outset of any engineering construction project is obligatory because of their relationships to heave due to expansion and settlement due to compression. Fundamental understanding of the swelling and consolidation behaviour of soils is provided by studying the associated mineralogy. This is especially true for many argillaceous soils in eastern Saudi Arabia, where geology, climate, and the environment govern their mineralogical evolution and engineering behaviour. To correlate soil mineralogy with volume-change behaviour of local soils, detailed laboratory investigations were carried out. Geotechnical index properties and differential thermal (DT) and X-ray diffraction (XRD) analyses were used to assess soil mineralogy, whereas swelling and consolidation characteristics were directly determined and studied in conjunction with microstructural assessment. The findings of this study are as follows: (1) Swelling and consolidation of indigenous soils are influenced by form changes in calcium sulphate that can take place in the time frame of engineering importance under the hot and humid environment prevalent in eastern Saudi Arabia. (2) Gypsum is stable up to 130°C, bassanites are stable from 130 to 220°C, and anhydrite is stable beyond 220°C at RH ≤ 50%. Gypsification is independent of the heating temperature and takes place at RH = 100%. (3) Among calcium sulphate forms, anhydrite has the highest volume-change capability, followed by bassanite and then gypsum. The swelling potential and compression index of anhydrite are about one-fourth that of the investigated clay. (4) Addition of up to 20% calcium sulphate inhibits the swelling potential of the investigated clay by crumb formation owing to cementation and bridging of the former. Swelling potential of soils with more than 80% calcium sulphate is reduced due to squeezing of the clay particles.
